ABSTRACT: We measured white muscle isotopic compositions and aspect ratios (ARs) of caudal fins in juvenile Pacific bluefin tuna Thunnus orientalis (PBT) to examine ontogenetic dietary shifts and swimming ability. ARs averaged 3.9 in fish with fork length (FL) <15 cm, 4.6 in fish with FL of 30−35 cm, and 6.7 in adult fish with FL > 200 cm. Mean isotope values of carbon and nitrogen in white muscle increased from −18.3 to −18.0 ‰ and from + 7.2 to 8.9 ‰ in ~20 cm fish to −16.5 ‰ and +12.3 ‰ in 30−35 cm fish, respectively, with a shift at 25 cm FL. This shift was much earlier than that reported for yellowfin tuna T. albacares (40−50 cm FL). Our results suggest that, after moving to Japanese coastal areas and reaching a FL of 25 cm, PBT rapidly develop swimming abilities by achieving endothermy and switching from a diet of small squid and zooplankton to a diet based on fish prey items that have greater body mass with higher calorific content and swimming ability. This may give them a selective advantage and allow high energetic expenditure.
INTRODUCTION
Pacific bluefin tuna Thunnus orientalis (PBT) are widely distributed in the North Pacific Ocean and are among the most important fisheries species in Japan. PBT spawn from April to June in spawning grounds located between the Philippines and the Ryukyu Islands of Japan, and in August in the Sea of Japan (e.g. Okiyama 1974 , Chen et al. 2006 , Tanaka et al. 2007 ). After being transported by sea currents to Japanese coastal areas (e.g. by the Kuroshio Current) at 60−90 d after hatching (Kitagawa et al. 2010) , juvenile (<1 yr, fork length [FL] of 15−60 cm) PBT remain in coastal waters around Japan (e.g. Bayliff 1994, Kitagawa et al. 2000) .
The Japanese catch of juvenile PBT accounts for 59% of the total catch in the Pacific Ocean (Itoh 2001) , and ecological information on this juvenile stage may prove useful in developing an ecosystem approach to fisheries management. Therefore, to understand the growth and migration patterns of juvenile PBT, knowledge of their feeding habits would be useful. Shimose et al. (2013) focused on the dietary composition of juvenile PBT and suggested that PBT switch to a diet based more on fish prey items after they reach a size of 25 cm FL; the switch to prey species with a greater body mass and swimming ability than small squid and zooplankton indicates the acquisition of diving and swimming abilities associated with endothermy in the fish. In the present study, we measured white muscle isotopic compositions and aspect ratios (ARs) of caudal fins to examine ontogenetic dietary shifts and swimming abilities in juvenile PBT.
MATERIALS AND METHODS
ARs were calculated to provide an index of the swimming ability of PBT. ARs estimate the degree to which the fin is 'wing-like;' fish with a higher AR should be more efficient and faster swimmers, all else being equal (e.g. Magnuson 1978) . In total, 225 fish, including those used for stable isotope analyses, were collected around Japan (Tsushima Island, Kochi, Wakayama, Kanagawa, Ishigaki Is land, Sado Island, Tottori, Iwate, and Yamagata) from 2009 to 2014 (12, 23, 5, 122, 37, and 26 fish were collected in 2009, 2010, 2011, 2012, 2013, and 2014, respectively) . FLs ranged from 13.5 to 263 cm. Caudal fins were photographed using a digital camera, and the AR was calculated using Image J (https:// imagej.nih.gov/ij/) as: (fin span) 2 / fin area. The relationship between body size and AR was analyzed using linear regression (Magnuson 1978) .
Samples of white muscle were obtained from 140 fish with FLs ranging from 13.5 to 61.0 cm; these samples were collected from fish caught around Japan (Tsushima Island, Kochi, and Kanagawa) from 2008 to 2012 (2, 12, 15, 5, and 106 samples in 2008, 2009, 2010, 2011, and 2012, respectively) . The samples were analyzed for carbon and nitrogen stable isotopic compositions. Samples were oven-dried at 60°C for 24 h, then ground to a fine powder using a spatula. Lipids within the sample were then removed by adding a 1:1 mixture of chloroform and methanol and centrifuging at 2795 × g (5 min); the supernatant was removed and dried (these steps were repeated twice). An aliquot (0.5−1.0 mg) of each sample was then sealed in a tin capsule. Stable isotope ratios were analyzed using an elemental analyzer (Carlo Erba EA1108 and Thermo Electron FLASH EA1112) interfaced with a mass spectrometer (Finnigan Mat Delta S and Finnigan Mat DeltaPlusXP) via a Conflo II and Conflo III open split interface. Isotopic ratios of carbon and nitrogen are reported as delta (δ) values (‰) with respect to Vienna Pee Dee Belemnite (VPDB) and atmospheric N 2 , respectively, based on the analysis of alanine working standards (Shoko Science); isotopic values were confirmed by traceable international reference materials (e.g. IAEA, NBS). The error of measurement was within ± 0.25% for δ 13 C and δ 15 N analyses. . 1 shows the relationship between body size (FL) and ARs in PBT. To our knowledge, these are the first comprehensive data for ARs of PBT measured over a wide range of body sizes. The mean (± SD) AR of fish with FL <15 cm was 3.9 ± 0.59; this increased rapidly with fish growth, although there was some variability among individuals. Mean AR was 4.6 ± 0.84 for 30−35 cm fish (Table 1) . Subsequently, mean AR increased to 6.7 ± 0.73 for fish > 200 cm; in adult fish >114 cm (Okochi et al. 2016 Fig. 2) . Regression analysis showed a distinct positive shift in δ 13 C in the white muscle tissue of 25−30 cm individuals (Fig. 2) . White muscle carbon isotope values were related to FL: fish < 25.0 cm (−18.0 ‰ ± 0.39, n = 74) showed significant differences from fish > 25.0 cm (−17.1 ‰ ± 0.82, n = 66; p < 0.0001, Student's t-test).
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N values were + 7.2 and 8.9 ‰ for fish <15 and 20 cm, respectively; isotope levels increased with fish size and were +12.3 ‰ for 30−35 cm fish; the levels were stable in fish of larger sizes, i.e. > 35 cm (Table 1) . Regression analysis showed a distinct positive shift in δ 15 N in the white muscle tissue of 25−30 cm individuals (Fig. 2) . The δ 15 N values of fish < 25.0 cm (+ 9.2 ‰ ± 0.94, n = 74) were significantly lower than those of fish > 25.0 cm (+11.9 ‰ ± 1.31, n = 66; p < 0.0001, Student's t-test). Fish of 25−35 cm exhibited a large range of δ 15 N values relative to the smaller-sized fish, but fish > 32 cm had a narrow range (Fig. 2) .
DISCUSSION
When PBT arrived in Japanese coastal waters after being transported by sea currents from the spawning grounds at 60−90 d after hatching, the ARs of caudal fins were 3.9 on average for fish of 13.5−15 cm FL; AR increased rapidly with fish growth and reached 4.6 on average for 30−35 cm fish (Table 1 ). This value is within the previously reported scombrid range of about 4 to 9 (Westneat & Wainwright 2001) . Although the soft rays of the caudal fin develop in juvenile PBT, differences in their further development may explain why AR values vary among individuals. Subsequently, ARs increased to 6.7 on average for fish > 200 cm, which were approximately 9 yr old (Shimose et al. 2009 ). Tanaka et al. (2006) reported that 16.7− 30.0 cm PBT appeared in waters off Kochi Prefecture at 54 to 89 d of age. Therefore, taking the slope value into consideration, it is suggested that they grow rapidly and gain greater swimming ability in the 1 to 2 mo after arriving in Japanese coastal waters.
During this time, mean δ 1978 , Minagawa & Wada 1984 . Thus, differences greater than these values between the smallest and larger PBT size classes imply that there are 2 steps between their trophic levels of the prey consumed, although δ 13 C and δ 15 N values of prey could not be analyzed in this study. Our results also showed that C and N isotope values in white muscle tissue changed in fish > 25 cm; this result is consistent with previous studies of stomach contents (Shimose et al. 2013 , Shimose & Wells 2015 . This alteration in isotope values was considered an ontogenetic change rather than a seasonal change as this pelagic species is unlikely to change over a short seasonal scale (ca. 2 mo) (Shi- Shimose et al. (2013) reported that the pattern of dietary shifts were similar in 2 regions: in the Tsushima Current region (Sea of Japan), small PBT (20−25 cm FL) prey upon small squid (juvenile Enoploteuthis chunii), and larger PBT (25−35 cm) gradually shift their diet to the mesopelagic fish Maurolicus japonicus (as suggested by Kitagawa et al. 2000 Kitagawa et al. , 2004 ; in the Kuroshio region (Pacific Ocean), small PBT (20−25 cm) prey on small zooplankton (mostly crustacean larvae), and larger PBT (25−40 cm) shift to epipelagic fishes (Etrumeus teres, Sardinops melanostictus, and Engraulis japonicus). This suggests that, after PBT reach 25 cm, the δ 15 N shift to a higher tropic level found here reflects a switch to a diet based more on fish prey items which have greater body mass and higher calorific content than small squid and zooplankton. For example, calorific values of E. teres, S. melanostictus, and E. japonicus are 136, 169, and 192 kcal per 100 g, respectively, whilst that of a small squid of the Enoploteuthidae is 84 kcal per 100 g (http://fooddb. mext.go.jp/).
Ontogenetic dietary shift in PBT occurs at a smaller size than that reported for yellowfin tuna Thunnus albacares; this shift occurs at 40−50 cm FL in Sri Lankan waters (Maldeniya 1996) and at 45− 50 cm FL around Hawaii, USA (Graham et al. 2007) . This difference in dietary shift between PBT and yellowfin tuna possibly reflects the difference in sizes between pelagic fauna in temperate and tropical areas (Shimose et al. 2013) . Additionally, this effect might also be attributed to the acquisition of endothermy at smaller sizes, which enables PBT to adapt to temperate waters compared to yellowfin tuna that are distributed in warmer waters. Ontogenetic shifts in other related species, such as Atlantic bluefin tuna T. thynnus, also occur at a smaller size; for example, at 21−35 cm FL, the proportion of crustaceans in stomach contents decreases (Sinopoli et al. 2004) . However, the patterns of dietary shift are different from those in PBT (Shimose et al. 2013 ). In particular, ambient temperatures around the Japanese coastal areas (24.5−29.0°C) are favorable for PBT growth only during August and September (Kitagawa et al. 2010) ; therefore, PBT might have to acquire endothermy before the favorable temperatures decrease. This conclusion is consistent with the findings of Funakoshi et al. (1985) and Kubo et al. (2008) , who reported that the body (red muscle) temperature of PBT > 30 cm FL was higher than ambient temperature, probably because of the development of an endothermy system, such as rete mirabile.
As demonstrated by juvenile black skipjack tuna Euthynnus lineatus, there appears to be a minimum size for functional endothermy of ~10 cm FL or 163 g body mass (Dickson 1994 , Dickson et al. 2000 . Therefore, it should be noted that, although nascent endothermic capabilities might be present in very small size classes of PBT, their high surface area: volume ratio might overwhelm the ability of the countercurrent heat exchangers to buffer the effects of changes in ambient temperature associated with vertical diving (Dickson et al. 2000 , Graham et al. 2007 ). This should be examined further to confirm the minimum size for functional endothermy in PBT.
Endothermy may have evolved to enable high performance in PBT by delivering oxygen and metabolic substrates to tissues at high rates and to allow rapid somatic and gonadal growth, rapid digestion, and rapid recovery from exhaustive exercise, rather than for exceptionally high, sustained swimming speed (Brill 1996) . However, endothermy involves high energetic (metabolic) costs to produce body heat: more than 80% of the assimilated energy flow is dissipated at a size of > 35 cm (Jusup & Matsuda 2015) . Therefore, PBT may need to switch to a diet based more on fish prey items that have a greater calorie content. In summary, after moving to Japanese coastal areas in summer, PBT rapidly develop their swimming abilities and acquire endothermy to aid efficiency of foraging in colder waters after they reach 25 cm FL; these developmental changes are accompanied by a switch to a diet based more on fish prey items that have greater body mass and swimming ability. The shift from ectothermy to endothermy may give them a selective advantage and allow high energetic expenditure.
